Smoking as one of the causes of various diseases has encouraged worldwide studies on its adverse pharmacological effects on different organs. Nicotine may influence the smooth muscles of the colon and subsequently the gut motility, which leads to a change in the moving rate of digested material through the gastrointestinal tract. Methods: Among various techniques, optical detection methods benefit from non-contact and highsensitivity for studying the early effect of nicotine on the cells. Thus, we used an optically ellipsometric method to get the fast and sensitive nicotine effect on the colon cell. Two-dimensional plasmonic platforms by gold deposition onto the polydimethylsiloxane polymer (PDMS) patterned substrate were used as the guest medium of the cell and the sample was excited by all of the visible region wavelengths at different exposure time and maintenance time. Results: Our results showed that the phase difference between each polarization increased by augmenting the exposure time of smoke over the cell at a fixed maintenance time and there was a general red-shift by increasing the maintenance time at a fixed exposure time. Conclusion: Using different exposure time to cigarette smoke, we optically showed that the cigarette containing the addicting chemical of nicotine had a direct effect on the cultured colon cells on our 2D biocompatible plasmonic chip. It demonstrated considerable changes in the amplitude and phase of the interacted light by injecting nicotine into the system with the aid of the label-free and non-invasive plasmonic technique.
Introduction
As a stimulant and potent parasympathomimetic alkaloid, nicotine is made in the nightshade family of plants. As a smoking cessation aid, it can be used for the treatment of tobacco usage disorders. Nicotine is a basic part of tobacco smoke. 1 This chemical plays the role of a receptor agonist at most nicotine acetylcholine receptors (nAChRs) 2 except at 2 nicotinic receptor subunits (nAChRα9 and nAChRα10) where it performs as a receptor antagonist; therefore, nicotine is both a sedative and a stimulant based on the taken dose of nicotine and the individual's nervous system arousal. When a body is exposed to nicotine, the individual has a "kick" experience, which is partially due to adrenaline release caused by a nicotine stimulus. This surge of adrenaline stimulates the body and subsequently, such pharmacological effects as the prompt release of glucose and the subsequent increase in the heart rate, breathing activity, and blood pressure arise. In addition, nicotine causes the pancreas to produce less insulin, leading to a slight increase in blood sugar or glucose. Indirectly, nicotine provokes the release of dopamine in the pleasure and motivation areas of the brain, and similar to heroin and cocaine, it produces a pleasurable sensation. Nicotine is also believed to affect the smooth muscles of the colon and change the gut motility. Afterwards, the moving rate of food and digested material through the gastrointestinal tract alters. Smoking cigarettes, or any other tobacco products containing nicotine, release nitric oxide at various sites in the gastrointestinal tract. Nitric oxide causes the relaxation of the smooth muscles of the gastrointestinal tract and the reduction of muscular tone and activity. Recently there are more pieces of evidence showing that there is a direct relationship between smoking and different types of cancers like liver, colon, and stomach. 3 There are various pieces of evidence presenting that nicotine not only increases tumor growth, but also plays a role in tumorigenesis. In addition, nicotine stimulates cells and promotes cancer cells 4 
and other types
Nicotine Effect Detection in a Plasmonic Platform of cancer growth. As it is clear, the period of smoking is positively associated with the risk of colon stimulation. 1 There are different ways to detect nicotine, including the nicotine blood test, the urine nicotine test, the saliva nicotine test, and the hair test. Although there are various strong existing methods of sensing and detection, they suffer from inadequate sensitivity, timeconsuming detection, the labeling process, high cost and so on. Optical spectroscopic methods have the virtue of being fast, non-invasive, and inexpensive. 5, 6 Using optical methods, we can reach higher potential for the real-time detection of nicotine effect on living cells in an easy and sensitive way. There are many methods for optical detection, including fluorescence detection, chemiluminescence and bioluminescence detection, Raman spectroscopy, and surface plasmon resonance. 7 Among them, surface plasmon resonance is a proper candidate since it is a non-invasive, label-free and realtime technique for detecting the interaction between cells on the surface interface. 8, 9 There are various methods such as spontaneous reasoning, electroporation, or surface functionalization of the micro/nanostructures, which provide the possibility of investigating the intracellular medium. Plasmonic functionalization does not distribute the spontaneous electrical activity and it lets successive recording even during the reasoning process and can distinguish extracellular and intracellular contributions by means of partial cellular reasoning. Therefore, this method offers some worthwhile advantages compared to other methods like the continuous recording of electrical activity without disturbing it. 10 In this study, we suggest the application of the plasmonic sensor to detect the changes in the live cultured colon cells due to exposure to cigarette smoke. We have proposed a method for quick detection of smoke effects on the cultured colon cells. In other words, this method helped us to examine the conditions when smoke was in contact with the cells. Using a two-dimensional (2D) soft plasmonic sensor and a plasmonic-ellipsometry technique, the sample was exposed to different flow rates of cigarette smoke containing the addicting chemical of nicotine. Considerable optical variation under different rates of nicotine provides us with information about the noticeable influence of nicotine on the colon cell in a new optical platform.
Materials and Methods
Fabrication of 2D Plasmonic Sensor and Cell Culture Benefiting from low cost, high throughput, and high resolution, nanoimprint lithography as a simple nanolithography technique was used to fabricate nanometer scale patterns. It yields patterns by the mechanical deformation of imprint resist which is generally a monomer or polymer curable by heat or UV light. Adhesion between the resist and the template is controlled by probable surface treatment to allow proper release. The direct imprint patterning method provides a monolithic integration alternative with better throughput. 11, 12 In this study, we benefited from a mold extracted from commercial camera CCDs with 2D patterns. Polydimethylsiloxane (PDMS) and its curing agent with the aspect ratio of 10:1 were mixed and poured on the mold. After degassing, the mold containing PDMS on its top was put on the heater at an average temperature of 80°C for about 1 hour. After cooling down, the patterned PDMS layer was removed from the mold following 30 nm gold sputtering. Afterwards, the chip was ready for the culturing of colon cells. The schematic of the fabrication process flow is shown in Figure 1A .
We purchase the DLD1 cell line from ATCC; this line is a human colorectal adenocarcinoma. The cells were cultured in DMEM containing 10% FBS and 1% Pen strep. After reaching a 90 percent confluence, we trypsinized and centrifuged them with 1000 rpm. Afterwards, we added a fresh medium and cultured them in the ratio of 1:5. For seeding the cells on chips, the chips were sterilized by UV and 75% ethanol. The chips were transferred into a culture plate and immobilized. After trypsinizing and centrifuge, we aspirated the medium, added the fresh medium, and resuspended the cells. The cells were transferred directly to the chips with an excess medium to cover the chips. For the validation of cell existence, SEM imaging was carried out. The SEM images of the chips with the cultured cells on top of it after being exposed to cigarette smoke are shown in Figure 1B .
For capturing smoke, we designed a chamber with four closed sides and one front-open side to embed the chip. There are two holes machined on the top face of the chamber; one hole for injecting the cell medium and the other for cigarette smoke entrance. The gold side of the chip faced the inner part of the chamber to have direct contact with the cell medium and smoke and the optical response collected from the backside of the sample.
Experimental Setup and Measurement
Ellipsometry is an optical technique for exploring the dielectric properties of the target sample by recording its reflection under p-and s-polarized incident light. 13 Ellipsometry supplies valuable non-invasive amplitude and phase information from which one can determine the effective dielectric functions and their relationships to the material nanostructure and in our case, the plasmonic characteristics of the system. In general, this technique can be applied to characterize composition, roughness, thickness (depth), crystalline nature, doping concentration, electrical conductivity, and other material properties. Ellipsometry has also attracted the researchers' attention in other fields such as biology and medicine. 14 The measured signal is the change in polarization as the incident radiation interacts with the target material. This polarization change is demonstrated by the amplitude ratio, Ψ, and the phase difference, Δ. Since the signal depends on the thickness and the material properties, ellipsometry can be a universal tool for contact-free determination of optical properties of the target sample. Ellipsometry gives the complex reflectance ratio ρ of a system parametrized by the amplitude component Ψ and the phase difference Δ. 15 The polarization state of the incident light upon the sample is decomposed into s and p components. The s component is oscillating perpendicular to the plane of incidence and parallel to the sample surface, whereas the p component is oscillating parallel to the plane of incidence. The amplitudes of the s and p components which are reflected and normalized to their initial value are denoted by r s and r p respectively. The incident angle is selected close to the Brewster angle of the sample to ensure a maximal difference between r s and r p
The recorded reflection from the backside of the chip under p-and s-polarized incident light strongly depended on the characteristics of the adsorbed mass of biomolecules on the gold surface. 16, 17 A complex reflection coefficient, ρ, can be obtained using Fresnel coefficients as follows: 
Where r s,p is Fresnel's coefficient. By applying the dependence on incident light frequency, we have: 
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An optical setup was mounted in order to record the reflection of the sample at an incident angle of 35° with s-and p-polarized incident light. This optical setup consisted of a broadband halogen fiber optic illuminator, collimator, lens, Glan-Taylor calcite polarizer (GT10-A), aperture, sample chamber, rotation stage, Avantes spectrometer, cell medium injector, and smoke injector/ withdrawer. We designed an injection/suction pump for pulling cigarette smoke into/out of the chamber. For measurement, we kept the gas knob open for 1s and then closed it. Afterwards, we recorded the reflection spectrum at 1, 60, and 120 seconds after the closure of the smoke flow. At the second step, the gas knob was opened and kept in open status for 3 seconds, then closed and let spectrum recording after 1 s, 60 s and 120 s. The same procedure was repeated for the open status of 5 seconds. The schematic diagram of the optical setup mounted for recording the reflection of the sensing chip under various exposure types and maintenance time of cigarette smoke is shown in Figure 2 . In our FORTRAN written code, equations 1-5 were used to extract Δ and Ψ parameters with respect to the incident wavelength.
Results and Discussion
We designed an injection/suction pump for pulling cigarette smoke into/out of the chamber. For measurement, we kept the gas knob open for 1 s and then closed it. Afterwards, we recorded the reflection spectrum at 1s, 60s and 120s after the closure of the smoke flow. At the second step, the gas knob was opened and kept in open status for 3s, then closed and let spectrum recording after 1 s, 60 s and 120 s. The same procedure was repeated for the open status of 5 s. Therefore, the exposure time was 1s, 3s and 5s and the maintenance time was 1s, 60s and 120s. Before cell culture, the reflection of the sensing chip was recorded with the injection of smoke with various exposure and maintenance time. The ellipsometric parameters were extracted using the recorded reflections under the impingement of p-and s-polarized incident light. The plasmonic resonance appeared as a dip in the reflection and Ψ parameters since Ψ value demonstrated the amplitude ratio of p-and s-polarized reflections. On the other hand, this dip in the Ψ parameter is close to the peak value in the Δ parameter. As shown in Figure  3 , there are small changes in the value of Δ and Ψ parameters under different exposure and maintenance smoke time. However, there is a bit more variation in the Δ value when the exposure time was increased to 5s with the maintenance time of 1s, 60s and 120s. However, in the case with cultured colon cells on the chips, there are noticeable splitting in Δ and Ψ values under different exposure and maintenance time besides the shifts in the plasmonic resonance wavelength around 500 nm (Figures 4 and 5) . For investigating the effect of increasing the exposure and maintenance time, the shift in the resonance wavelength location of Δ (A) and Ψ (B) parameters is shown in Figure 6 . As observed, there is a general red-shift in plasmonic resonance by increasing maintenance and exposure time. In other words, at a fixed maintenance time, by increasing the exposure time, the graph is vertically lifted up. In addition, at a fixed exposure time, by increasing the maintenance time, there is a general red-shift. This means that the maximum applied exposure time lets more smoke enter the chamber and interact with the cells. On the other hand, the maximum maintenance time provided sufficient reaction time for the cells. So, both these investigations show that smoke concentration and interaction duration affect noticeably the colon cells in an adverse manner.
Conclusion
Plasmonics is one of the highly-sensitive techniques that can be applied in a label-free and non-invasive platform to record the changes in biological samples. In this study, we used a combinatory method of plasmonic-ellipsometry to investigate the effect of cigarette smoke on DLD1 cells. Under different exposure and maintenance time of cigarette smoke, we observed considerable changes in extracted ellipsometric parameters of Δ and Ψ. By increasing the maintenance and exposure time, a general red-shift in plasmonic resonance was observed. Therefore, Δ and Ψ increased by augmenting the exposure time at a fixed maintenance time. On the other hand, there was a general red-shift by increasing the maintenance time at a fixed exposure time. Maximum exposure time means more smoke entrance into the chamber and more interaction with the cells. In addition, the maximum maintenance time provided sufficient reaction time for the cells. This major change could be used for investigating the cells in different physiological conditions caused by cigarette smoke with various intensity and exposure time.
In brief, we showed that the smoke concentration and interaction duration with alive colon cells considerably affect this biological sample. We hope this study can open new avenues toward rapid diagnosis under various physiological conditions and treatment efficiencies.
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